Introduction
The gastric parietal cells undergo morphological transformations in response to stimulation of acid secretion. Currently, based on a membrane recruitment and recycling hypothesis, it is generally accepted that the H + /K + -ATPase-rich tubulovesicles are recruited by fusion to the apical plasma membrane upon stimulation, and then recycled back to the cytoplasm on return to a resting state (Forte et al ., 1977; Forte & Yao, 1996) .
Since the establishment of a primary culture system for gastric parietal cells (Chew et al ., 1989) , studies of stimulationassociated transformation have progressed in cultured parietal cells (Mangeat et al ., 1990; Soroka et al ., 1993; Agnew et al ., 1999; Ammar et al ., 2001 ). To date, there have been several ultrastructural studies of stimulation-associated transformation using cultured parietal cells (Ito et al ., 1977; Chew et al ., 1989; Li et al ., 1993; Soroka et al ., 1993) . However, detailed study has been hindered chiefly because conventional chemical fixation distorts the ultrastructure of the parietal cells.
High-pressure freezing (HPF) has become a method of choice for preparing specimens for electron microscopy. The application of high-pressure (about 2100 bars) lowers the freezing point and reduces the rate of ice nucleation and ice crystal growth (Moor, 1987; Dahl & Staehelin, 1989) . The deep vitreous freezing up to 0.2 mm thickness enables us to study complex biological samples with improved ultrastructural preservation. Recently, the application of the HPF/freeze substitution method has progressed in histochemical investigations (Monaghan et al ., 1998; McDonald, 1999; Sawaguchi et al ., 1999 Sawaguchi et al ., , 2001 Sawaguchi et al ., , 2002 . Although a number of improvements have been introduced in the last decade (Hohenberg et al ., 1994; Shimoni & Müller, 1998; Hess et al ., 2000; Sawaguchi et al ., 2001; Studer et al ., 2001) , the HPF technique has yet to reach its full potential.
The present study was undertaken to reveal the fine structure of cultured gastric parietal cells by taking the advantage of HPF technique. To attain this objective, we developed a new procedure for HPF of cells in culture. Cultured parietal cells retained their responsiveness to histamine and showed a morphological transformation on Matrigel-coated aluminium plates. We describe the procedure and the ultrastructure of cultured gastric parietal cells.
Materials and methods

Isolation of parietal cells and primary culture
Gastric glands and isolated glandular cells were harvested from collagenase treated gastric mucosa of New Zealand White rabbits as previously described (Agnew et al ., 1999) . Because of their large size, relatively intact gastric glands settle out in 10-15 min, leaving individual cells and debris suspended in the medium consisting of Eagle's minimum essential medium (Gibco, Grand Island, NY, U.S.A.) buffered with 20 m m HEPES, pH 7.4 (HEPES-MEM). The cell suspension was filtered through a 40 µ m mesh to remove large debris. Intact cells, relatively enriched in parietal cells, were recovered by three repetitions of centrifugation at 200 g for 5 min, and resuspension in fresh HEPES-MEM. To destroy contaminating yeast and bacteria, the cells were incubated for 30 min in medium B [DMEM/F-12 (Gibco) supplemented with 20 m m HEPES, 0.2% BSA, 10 m m glucose, 8 n m epidermal growth factor, 1 × SITE medium (Sigma), 1 m m glutamine, 100 U mL − 1 penicillin/streptomycin, 400 µ g mL 
High-pressure freezing, freeze substitution and embedding for electron microscopy
Prior to cryoimmobilization by HPF, cells were held in the resting state with 100 µ m cimetidine for 30 min or stimulated with 100 µ m histamine and 30 µ m 3-isobutyl-1-methyl-xanthine (IBMX) for 15 or 30 min. The aluminium plates with cultivated parietal cells were mounted into the sample holder as shown in Fig. 1 Reichert AFS machine (Leica, Vienna, Austria). After programmed warming to − 90 ° C at 5 ° C h − 1 , frozen samples were freeze substituted in 1% osmium tetroxide plus 0.1% uranyl acetate in acetone at − 90 ° C for 3 days and then gradually warmed to 20 ° C at 10 ° C h − 1 . After three 10-min rinses in pure acetone, cells were infiltrated and embedded in Epon within flat-bottom embedding capsules (Fig. 1D) . The aluminium plate was removed from the Epon block by pliers after careful trimming around the aluminium plate (Fig. 1E) . Ultrathin sections (60-80 nm thick) were cut and poststained with uranyl acetate and lead citrate, and observed in a TECNAI 12 (FEI, Eindhoven, the Netherlands) transmission electron microscope operating at 100 kV.
Conventional chemical fixation
In a parallel experiment, the cultured cells were fixed with a mixture of 2% formaldehyde and 2.5% glutaraldehyde in 0.1 m cacodylate buffer, pH 7.4 (CB) for 2 h at room temperature, rinsed in CB then postfixed with 1% osmium tetroxide in CB for 1 h. After rinsing in CB, cells were dehydrated in a graded series of ethanol and embedded in Epon. Ultrathin sections were cut, poststained and observed as described above.
Immunogold labelling of H + /K + -ATPase
For immunogold labelling, thin sections of cells prepared by HPF/freeze substitution as described above were picked up on 200-mesh nickel grids coated with Formvar film, and treated with 5% sodium meta-periodate in distilled water for 30 min (Bendayan & Zollinger, 1983) . After rinsing in distilled water, sections were incubated in 2% BSA in PBS for 10 min to block non-specific binding and then incubated with a mouse monoclonal antibody, 2G11, against β -subunit of H + /K + -ATPase (Affinity Bioreagents, Golden, CO, U.S.A.; diluted 1 : 4 with 2% BSA in PBS) at 4 ° C overnight. After rinsing in PBS, the sections were incubated for 30 min with 10 nm colloidal goldconjugated goat anti-mouse IgG (British Biocell International, Cardiff, U.K.; diluted 1 : 80 with 2% BSA in PBS). After rinsing in PBS and drying, sections were poststained with uranyl acetate and lead citrate, and observed as described above. For controls, 2G11 was omitted from the procedure. In order to immediately evaluate physiological and morphological responsiveness, parallel experiments were carried out on cells cultured on glass coverslips, fixed and stained for F-actin and H + /K + -ATPase, and examined by conventional epifluorescence microscopy, as previously described (Agnew et al ., 1999) .
Results
Cimetidine-treated resting parietal cells
Most of the cimetidine-treated parietal cells were in the typical resting state, characterized by small apical membrane vacuoles and numerous tubulovesicles. Figure 2 shows representative overviews of cimetidine-treated resting parietal cells processed by HPF/freeze substitution ( Fig. 2A ) and conventional chemical fixation (Fig. 2B ). The excellent morphological preservation by HPF/freeze substitution was in contrast to the distorted structures in the chemically fixed parietal cells.
In the cytoplasm of cimetidine-treated resting parietal cells, the characteristic tubulovesicles and electron-dense mitochondria were prominent as shown in Fig. 3(A) . It should be noted that many electron-dense coated pits and vesicles were observed around the apical membrane vacuoles. Multivesicular bodies were abundant in the cytoplasm. The Golgi apparatus consisted of well preserved stacks of multiple cisternae (Fig. 3B) . Occasionally, an electron-dense coated bud was clearly observed in the stacks. Mitochondria had an electron-dense matrix and closely approximated cristae (Fig. 3C) . Moreover, the outer and inner membranes were closely apposed to each other.
Microtubules were frequently observed, some of which formed meshworks among the tubulovesicles (Fig. 4A ). In the apical region, the actin filaments were clearly observed within the microvilli (Fig. 4B) . It should be noted that some actin filaments extend deeply into the cytoplasm, and overlap with tubulovesicles. Interestingly, small and round inclusions (designated as microvesicles) were present within some tubulovesicles (Schofield et al ., 1979) (Fig. 4C ). In addition, we confirmed the electron-dense coated end of tubulovesicles. (Sugai et al ., 1985; Okamoto et al ., 2000) ( Fig. 4C and inset) . Even in these osmicated, Epon-embedded samples, the immunogold labelling of H + /K + -ATPase is clearly evident and prominently located on the membranes of tubulovesicles (Fig. 4D ), although the labelling density was not as intense as when embedded in LR White resin (Okamoto et al ., 2000) .
Morphological transformation in histamine-stimulated parietal cells
At light microscopic level, fluorescent staining of F-actin demonstrated a stimulation-associated transformation in cultured parietal cells. As consistent with previous results, histamine stimulation resulted in expansion of apical membrane vacuoles by the accumulation of HCl and water (data not shown). Figure 5 shows electron micrographs of cultured parietal cells that were stimulated with histamine for 15 min and processed by HPF/freeze-substitution. The apical membrane vacuoles were moderately expanded, and lined with numerous microvilli in these parietal cells (Fig. 5A ). At this time point, abundant tubulovesicles were still present in the cytoplasm. In the apical region we could find some tubulovesicles which showed close association to the apical plasma membrane (Fig. 5B and  C) . The actin filaments were distinctly observed not only in the microvilli but also in the subapical cytoplasm. Electron-dense coated pits and vesicles were seen around the apical membrane vacuoles, similar to the cimetidine-treated resting parietal cells. In a cross-section of microvilli, the actin filaments were arranged in a peripheral ring-like configuration as shown in Fig. 5(D) .
The apical membrane vacuoles were highly expanded after histamine stimulation for 30 min. Interestingly, the stimulated parietal cells showed two profiles of expanded apical membrane vacuoles: in most cases vacuoles were lined with microvilli, but in a few cases vacuoles were smooth and devoid of microvilli. Figure 6 (A) shows a representative parietal cell demonstrating those two profiles simultaneously. The thin cytoplasm between the two vacuoles contained numerous tubulovesicles (Fig. 6B) . In the apical region, immunogold labelling of H + /K + -ATPase was present on the plasma membrane of microvilli and tubulovesicles (Fig. 6C) . Occasionally the H + /K + -ATPase immunogold labelling was found in the electron-dense coated pit (Fig. 6D ).
Discussion
One of the major goals of biological electron microscopy is to elucidate the structural evidence with which we can correlate functional activity. With the new procedure for HPF described here, we have successfully obtained a high yield of adequately frozen cultured parietal cells by HPF/freeze substitution with very well preserved organelle and cytoskeletal ultrastructure. Growing and physiologically manipulating the cells directly on suitably coated aluminium plates provides a medium for effective transfer to HPF without the need for scraping or other harsh manipulation.
By means of rapid freezing/freeze substitution, Pettitt et al . (1995) demonstrated the existence of a network of helically coiled tubules in mouse gastric parietal cell, and proposed an entirely new morphological model. They concluded that the conventional tubulovesicular elements were artefacts of the helically coiled tubules resulting from vesiculation during chemical fixation. In fact, the present study showed exclusively vesicular components in chemically fixed cultured parietal cells. However, the high-pressure frozen cultured parietal cells showed exclusively tubulovesicular elements rather than helically coiled tubules. By contrast, Ogata & Yamasaki (2000) demonstrated three-dimensional networks of tubules and cisternae (designated as tubulocisternae) in the rat parietal cell by using rapid freeze fixation/freeze substitution and high resolution scanning electron microscopy (SEM). It is likely that the tubulocisternal networks seen in the SEM study would appear as tubulovesicular elements in the thin sections obtained in the present TEM study. Indeed, Duman et al . (2002) reconstructed stacks of tubulocisternae from serial thin sections of rabbit gastric glands processed by HPF/freeze substitution. Although there are differences in animal species as well as sample preparation, it can be safely assumed that the tubulocisternal compartments predominate in mammalian gastric parietal cells. The parietal cells stimulated with histamine for 15 min showed moderately distended apical membrane vacuoles lined with numerous microvilli. The size of distended apical membrane vacuoles was consistent with the time-course study of morphological transformation on histamine-stimulated cultured parietal cells (Mangeat et al ., 1990) . According to the membrane recruitment and recycling hypothesis, it is reasonable to speculate that a large number of tubulovesicles are recruited to the apical plasma membrane at this time point. However, the expected connectivity between the tubulovesicle and the apical plasma membrane was not apparent even in our intense observations. It is certainly difficult to demonstrate the connectivity in ultrathin section, a problem requiring further study with the aid of novel approaches such as high-resolution tomography.
Unexpectedly, we observed two profile types for expanded apical membrane vacuoles (i.e. microvilli-rich or not) of parietal cells stimulated with histamine for 30 min. The curious smooth surface profile was seen occasionally in the highly enlarged vacuoles of parietal cells stimulated for 30 min, but not in those stimulated for 15 min nor in cimetidine-treated resting cells. It could be speculated that extreme volume expansion of apical membrane vacuoles subtended the microvillar extensions, resulting in a smooth apical membrane surface. It will be interesting to clarify the genesis and mechanism of the smooth surface formation.
By means of HPF/freeze substitution, actin filaments were clearly demonstrated within the microvilli extending to the subapical cytoplasm of parietal cells. Meshworks of actin filaments were frequently observed beneath the apical membranes, corresponding to fluorescent F-actin staining at the light microscopic level. These findings raise an interesting question of whether the mesh-like networks of actin filaments interfere or coordinate with the tubulovesicles approaching the apical plasma membranes. In support of the latter, it has been demonstrated that stable actin filaments are essential to membrane transformation and HCl secretion in gastric parietal cells (Forte et al ., 1998; Ammar et al ., 2001) .
Another striking finding on the cytoskeleton system is the abundance of microtubules and close association between the microtubules and tubulovesicles. The involvement of microtubule motor proteins, such as kinesins and dyneins, to facilitate and direct vesicular trafficking along the microtubule has been suggested for several systems (Bi et al ., 1997; Bananis et al ., 2000; Lin et al ., 2002) . Thus far, however, the possible involvement of microtubules in HCl secretion has only been cursorily noted (Forte et al ., 1977; Rosenfeld et al ., 1981; Tsunoda & Mizuno, 1985) . The present results lead us to speculate that microtubules, in concert with motor proteins, may play a key role in the translocation of tubulovesicles in gastric parietal cells.
A large number of electron-dense coated pits and vesicles were observed around the apical plasma membrane of cimetidine-treated resting parietal cells. Recently, Okamoto et al . (2000) demonstrated coated pits and vesicles around the apical plasma membrane of parietal cells in cimetidine-treated gastric glands. They also identified clathrin on the coated pits and vesicles by specific immunogold labelling. There seems to be little doubt that active membrane uptake occurs in the apical plasma membrane of cimetidine-treated resting parietal cells. As shown in previous studies, cimetidine treatment prevents the expansion of apical membrane vacuoles in cultured parietal cells (Chew et al ., 1989; Agnew et al ., 1999) . Based on our observations, the expansion of apical membrane vacuoles seems to be prevented by the active uptake of apical plasma membrane in cimetidine-treated parietal cells to maintain their resting state. In addition, a number of coated pits and vesicles were also present around the expanded apical membrane vacuoles. This finding suggests active membrane turnover in histamine-stimulated parietal cells. Interestingly, immunogold labelling of H + /K + -ATPase was found on the coated pits, suggesting the retrieval of H + /K + -ATPase from the apical plasma membrane. Further studies are ongoing to elucidate the significance of active membrane uptake in gastric parietal cells.
The present study also clearly demonstrated the electrondense coated ends of tubulovesicles consistent with the work of Okamoto et al . (2000) , who specifically identified clathrin on these electron-dense coated ends. These clathrin coats seemed to be involved in budding and the formation of vesicles at the ends of tubulovesicles, but the biological significance of this finding is still unknown.
In conclusion, we have described a simple method that provides excellent preservation of the fine structure of cultured cells, with special reference to cultured rabbit gastric parietal cells. The crucial point of this method is the Matrigel-coated aluminium plates on which the cells are cultivated. It should be emphasized that cultured gastric parietal cells retained their responsiveness to H2-receptor agonist (histamine) and antagonist (cimetidine) on the plates. The results of this study suggest that HPF of primary culture cells would be a powerful tool to correlate cellular ultrastructure and function. In addition, it may be possible to apply the method to cell lines with appropriate modifications according to the cell type.
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